E-mail: ranabf@hotmail.com ABSTRACT: Reconstruction in Cone-Beam Tomography can suffer from artifacts due to geometrical misalignments of the source-detector system. They can be avoided by a complete and precise description of the system. We present a high precision method for the geometric calibration for the PIXSCAN, a small animal X-ray CT scanner demonstrator based on hybrid pixel detectors (XPAD2). The specificities of the XPAD2 detectors (dead pixels, tilts and gaps between modules. . . ) made the calibration of the PIXSCAN quite difficult. The method uses a calibration object consisting of a hollow cylinder of polycarbonate on which we positioned four metallic balls. It requires 360 X-ray images (1˚increments). An analytic expression of the 3 image ellipses has been derived. It is used for a least square regression of the 13 alignment parameters after a correction of the internal XPAD2 geometry. Our method is fast and completely automated, achieving a precision of about 30 µm.
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Introduction
Accurate image reconstruction in Cone-Beam Tomography requires a precise knowledge of the imaging system geometry. The usual approach is to use the projection data of a known calibration object to deduce the calibration parameters [1, 2] .
In this framework, we propose a method based on the least square regression to calibrate the PIXSCAN [3] , an X-ray micro-CT scanner demonstrator developed at CPPM. The geometrical configuration of the PIXSCAN is described in section 2. Then in the third section, the calibration method is defined. Results are given in section 4.
The model 2.1 Description of the PIXSCAN
The PIXSCAN is a small animal X-ray CT scanner based on ultra fast hybrid pixel detector. It consists of a step rotating animal holder placed between a fixed X-ray source and a fixed detector [3] (figure 1).
The detector is built using XPAD2 chips [4] . This chip includes 600 pixels of 330 × 330 µm 2 . Eight XPAD2 circuits are bump-bonded on a 65 × 8 × 0.5 mm 3 silicon sensor to form a module. The XPAD2 detector is formed by 8 modules tiled together to minimize the dead area between the modules. This results in a 6.5 × 6.8 cm 2 
Problem definition
The geometrical calibration of the system consists in aligning the X-ray focal spot, the center of rotation of the system and the center of the detector as shown in figure 3 .
To describe the geometry of the PIXSCAN we define a Cartesian coordinates (x, y, z). Ois the origin point, the z axis is normal to the detector , and they axis is given by the axis of rotation of the animal holder. The orthogonal projection of the source point onto the detector is called "principal point" and is designated by P(x p , y p , z p ).
The PIXSCAN is characterized by calibration parameters defined as follows:
1. Six parameters, namely three rotation angles θ x, θ y, and θ z, and three translations of the detector in order to merge its center with the principal point. The twist around the x axis θ x was measured and it is equal to zero.
2. The distance between the origin point O and the center of the object, noted yt.
3. The distance between the point source and the origin O, noted zt.
This leads to 7 calibration parameters that need to be determined for a complete knowledge of the geometry of the system. 3 The methodology
The calibration object
The calibration object consists of a hollow cylinder of polycarbonate on which we positioned four spheric metallic balls. Three balls are visible on the projected image. The distances between the balls are measured with a precision of a few microns. The diameter of each ball is 4 mm (figure 4). The radii of rotation R i and the phase angles φ i of the three balls are difficult to measure precisely. Therefore they are added to the set of parameters listed above. This leads to a total of 13 unknown geometric parameters.
The calibration procedure
To characterize the geometry of the PIXSCAN, we use 360 images (projections) of this object separated by 1˚azimuthal increments. First, we determine on each image the projection of the center of each ball on the detector. This series of coordinates of these centers is then used in a least square regression to compute the 13 alignment parameters.
Image treatment
The XPAD2 detector has about 25% of bad or dead pixels. They are identified by the application of two thresholds on the "white X-ray image" (an X-ray image without object). Then, each projection image is divided (pixel-to-pixel) by the white X-ray image.
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Calculation of the projection of the ball centers
Mathematically, a cone-beam projection of a circular ball is an ellipse in the projected image.
On each projected image, the surfaces representing the projections of the metallic balls, are identified by a data clustering followed by an application of mathematical morphology operators (opening operation) to facilitate the identification of the balls.
At this point, the image is composed only of three dark circular regions. An opaque elliptic disk is adjusted on each region, its centre is identified to the projection of the centre of the ball. Prior to this operation, the positions of the pixels are corrected according to the internal detector geometry (u, v coordinates)
Calculation of the approximate parameters
The trajectories of the centers (u i , v i ) of projected balls, are almost elliptic.
The three ellipses are identified by a Hough Transform [5] . Their ellipticity and their center's coordinates (u 0 , v 0 ) are obtained using the first term of a Fourier series decomposition of the u and v coordinates. Approximate values for the seven calibration parameters are derived from the ellipticity and from the location of the three ellipses.
The 3-D trajectory of each ball center is a horizontal circle; its exact cone projection onto the detector is not an exact ellipse. It has an analytic form, which is a function of the 13 unknown geometric parameters. By minimizing a χ 2 built on the comparison between predicted and observed (section 3.3.1) positions, we obtain the values of the 13 parameters, thus the geometry of the PIXSCAN is known.
Results
We tested the calibration method with PIXSCAN data. The steps described above are applied. The precision is of the order of 10 µm, as shown by the ripples in the residual plots ( figure 5) .
The oscillations observed in the horizontal direction on figure 5 are the results of an accumulation of bad pixels. In the vertical direction, there is a 30 µm systematic deviation for the middle ball (green line). We interpret it as the effect of an excess of glue around the ball, which makes its image on the detector non-circular and biases the position of its center.
The calibration parameters calculated were used to perform an image reconstruction of the PIXSCAN data (figure 6). The algorithm used is the rec-FDK supplied by Creatis [6] based on the FDK reconstruction method [7] . It assumes that the detector is a plane regular grid of square pixels, that the zaxis crosses the principal point and that the pixels rows are parallel or perpendicular to the axis of rotation. To satisfy these requirements, a data re-binning procedure is applied to redistribute the pixel contents over a perfect virtual detector. The bad pixels are corrected by a cubic spline interpolation of the signal in the nearest good pixels. 
Conclusion
We developed a simple and accurate method to calibrate the PIXSCAN demonstrator. This method does not require any measurements on the system, it is fully automatic and achieves the required accuracy that is well below the pixel size. The only needs are the 360 projections provided by the imaging system. The total processing time is about one hour.
